The WHO1 buoy radiometer intercomparison took place during May and June, 2000 at the WHO1 facility. The WHO1 IMET, JAMSTEC Triton, and NOAA TAO buoy systems were operated from a beach site and the Brookhaven National Laboratory set up two Portable Radiation Package systems (PO1 and P02) alongside the WHO1 instrumentation on the roof of the Clark Building, about 300 m away (see cover photo). The BNL instruments were named "POl" and "PO2" and were identical. Buoy instruments were all leveled to &lo to horizontal.
The purpose of the project was to compare the buoy systems with precision measurements so that any (differences in data collection or processing would be evaluated. BNL was pleased to participate so the PRP system could be evaluated as a calibration tool.
The Portable Radiation Package is an integral component of the BNL Shipboard Oceanographic and .Atmospheric Radiation (SOAR) system. It is designed to make accurate downwelling radiation measurements, including the three solar irradiance components (direct normal, diffuse and global) at six narrowband channels, aerosol optical depth measurements, and broadband longwave and shortwave irradiance measurements. 
BNL Portable Radiation Package
The complete radiation package, shown in Fig. 1 , is an integration of five primary components: (1) a broadband Precision Spectral Pyranometer (PSP) manufactured by The Eppley Laboratory, Inc.; (2) a broadband Precision Infrared Radiometer (PIR) also manufactured by Eppley Lab.; (3) a preamplifier circuit that multiplies the microvolt signals from the broadband instrument to reduce noise interference; (4) the fast-rotating shadowband radiometer (FRSR); (5) an attitude sensor that measures platform pitch, roll, and azimuth; (6) a small, low-power control data unit (CDU) that performs data collection and operates the system; and (7) an uninterruptable power supply (UPS) that eliminates power surges, minimizes power supply noise, and supports wind or solar power operation for remote operation.
The control data unit (CDU) is custom-made and packaged in a waterproof housing that resides in close proximity to the sensors. The complete data logger package incorporates radio interference and surge protection, operates over a -40 to 65OC temperature range, and is waterproof and immune to shock. and vibration. The low-level analog signals from the FRSR head are digitized with a high-speed 12-bit analog-to-digital converter circuit. The CDU communicates with a PC computer in a sheltered area. Compact data packets are transferred to the PC at the end of each sweep. 
Eppley Precision Spectral Pyranometer
The Precision Spectral Pyranometer comprises a circular multi-junction Eppley thermopile of the plated (copper-constantan) wirewound type. Its receiver is coated with Parson's black lacquer (non-wavelength sensitive absorption). Two concentric hemispheres of Schott optical glass provide filtering of incident radiation and a pass band of from 285 to 2800 nm is achieved. The PSP has been used in shortwave radiation measurements extensively for the past 40 years.
The PSP used on the Portable Radiation Package is packaged in a water tight nylon case. The design here is identical to the nylon case packages used on the NOAA TAO buoy systems. The shading plate is retained.
Eppley Precision Infrared
Radiometer The Precision Infrared Radiometer (PIR) is well described in two recent publications [Fairall et al., 1998; Payne and Anderson, 19991 and does not need additional treatment here. The best means of achieving good calibration is by measuring the three output parameters (thermopile, case temperature, and dome temperature) and computing radiation by the modified calibration equation which was developed by Fairall et al. [1998] .
A major step towards improved PIR measurements is to calibrate the case and dome thermistors. The YSI #44031 thermistors are specified to have an O.l°C interchangability, but in practice, this is not the case. If the published YSI table is used for estimating temperature, then PIR measurement uncertainty of 10 W mm2 can be expected [Reynolds et aZ., 2000; Reynolds, 20001. WhojiOO-Tech Report SOAR-00-01. [Reynolds et al., 20001 rotates contmuously and moves across the upper hemisphere in 3.4 sec. The hemispherical shape of the shadowband ensures that the sensor will see a shadow, regardless of its azimuth heading and at all but minimal solar elevations. Typically, the shadow moves across the face of the Sun in a few tenths of a isecond and the head is in full shadow for about one tenth of a second.
The multi-spectral FRSR head is manufactured by Yankee Environmental Systems, Inc. It is a modified version of the comercially-available, multi-frequency, rotating shadowband radiometer (MFRSR) spectral radiometer head and has seven detectors (channels): a broadband channel and six, ten-nmwide bandpass-filtered.channels at 415, 500, 610, 670, 870 and 940 nm. The head construction, adeptly described by Harrison et al. [1994] , is environmentally sound, robust, and suitable for use in a marine environment.
The FRSR head is modified to decrease its electrical response time to about one millisecond. The response of the silicone cell detector is well below one millisecond, but the internal preamplifiers in the stock head have integrating low-noise amplifiers which slow the overall response. The head response times are decreased by reducing their low-pass filter capacitors. This is accomplished easily and Ilaboratory tests do not show additional noise in the measurements.
Experiment Methods
The two PRP systems were installed on the radiation platform on 15 May, 2000. An initial engineering problem occurred and was repaired immediately, so data from both systems began on 20 May (day 141). Both systems were installed and leveled on the platform, and aligned visually to north.
The iserial output from the PRP control data units went to two ports of a PC operating WindowsNT. The software "PCAnywhere" was used over an internet link for full control of both systems from BNL. Using this method, data were downloaded and checked daily and there was no need to return to WHO1 until the end of the experiment.
During this time the domes of the radiometers were not cleaned other than by normal rainfall.
Data Processing
The (data processing procedure for the PRP is shown in Figure 2 . The instrument operation software, called "PRPRX," produces a set of ASCII raw data files with extensions of "da0, dal, etc." On a surqy day the "da files" can be 10 MB in size.
A Note on Time Keeping: Both BNL instruments were operated by the same computer and thus maintained identical time bases. The computer was reset each Monday to Friday and the clock was set. Thus the time error for each recorded measurement was probably never more than 5 seconds. All data are recorded in UTC (Greenwich) standard time.
A Note on Averaging:
In data averaging (2-minute, hourly, and daily) the recorded time is the time at the m of the averaging period. Two-minute and hourly averages are block averages that begin at the start of the time increment and include all data up to but not including the next increment.
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Broadband Data
The broadband and support data are all contained in the "DaO" data files. The files are written for each day. Measurements of the PSP, PIR (thermopile, case and dome thermistors), pitch, roll, compass, and the FRSR head temperature are made two times during the shadowband cycle, and this represents the basic sampling period of approximately 3.4 sec. These are called the "Level 0" or raw data set.
The broadband measurements were analyzed according to the plan shown on the right side of the figure. The da0 files for each day ("Level 0" data) are read using Matlab routines. The recorded millivolts are combined with system calibration data to produce measurements in physical units. The 3.4 set measurements are averaged into two-minute averaging blocks. The 2-min statistics (mean, standard deviation, minimum, and maximum values) are combined into single time series for the entire measurement period. These files are called "Level 1" data, meaning it has been peripherally cleaned and calibration equations were applied. At this point the case and dome temperatures are computed using the standard YSI tables.
The Level 1 data are then examined by hand using a special hand editing program written at BNL and using Matlab routines. The hand editing is absolutely essential where instrumentation is subject to RF interference, drop out, or other forms of contamination. The WHO1 data set had a severe noise problem. Intermittant bursts of noise (Orbcon transmitters?) were picked up in the PSP and PIR thermopile signals. The bursts were quite obvious and were easily removed; they were quite short, no more than a few minutes. Any deleted data points were replaced by interpolation.
Fast Rotating Shadowband Radiometer Data
The spectral radiometer data from the Portable Radiation Package is processed by a series of Matlab routines that are described in Reynolds et al. [2000] . The "shadow value" (S), when the shadowband blocks the solar beam, the "edge value" (E), when the shadowband is just to the side of the solar disc, and the "global value" (G), when the shadowband is below the instrument horizon, are used to compute the solar direct beam irradiance, N, on a plane normal to the beam, the Diffuse irradiance (D), and the corrected global irradiance, G. The normal beam data are used to compute aerosol optical depths (AOD) of the overlying atmosphere.
The Clear Sky Algorithm
During data processing a "theoretical" clear sky algorithm, written in Matlab language, is used for comparison purposes. The clear sky algorithm we use is modified from a C program used by atmo spheric scientists at Pennsylvania State University (Chuck Pavloski, personal communication). The solar flux calulation begins with a computation of the solar azimuth and zenith angle, both top of the atmosphere and refracted, using the algorithm by MichaZs~~ [1988] [Spencer, 19891 . * who;lOO-Tech Report SOAR-00-01. 1 Dee 2000 5 /.
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Given the solar position, a broadband solar flux estimate is computed using methods described by h&d! [1988] . The Iqbal algorithm requires the following parameters other than the solar zenith angle: (a) integrated water vapor in gem-2, (b) surface pressure in hPa, (c) aerosol optical thickness (AOT) at 380 nm, (d) AOT at 500 nm, and (e) ozone-layer thickness in cm(NTP). For the theoretical curves shown in this study the following default parameter values best fit the measured data: integrated water vapor = 1 gcme2 surface pressure = 1013 hPa AOT(380 nm) = AOT(500 nm) = 0.1 ozone layer thickness = 0 whoiOO-Tech Report S@R-0001. Direct beam irradiance onto a horizontal and normal plane (mv). whoiOO-Tech Report SOAR-00-01. 1 Dec2000
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Results
Broadband radiation measurements of SW and LW (PSP and PIB) were compared between the two BNL units. In all comparisons between SW and LW measurements the BNL Unit PO2 is used as the reference. A comparison of the average results are given in the table below. To make the graph more readable, each Langley estimate is offset by 5 nm. In the Langley analysis the direct beam h-radiance is measured during sunrise or sunset when the solar beam path through the atmosphere is widely varying. A plot of the log of beam h-radiance versus the relative path length, by Beer's Law, will be a straight line whose slope is the atmospheric transmittance and whose intersection at zero path length is the TOA irradiance.
A PSP and PIR Time Series ,Plots j ,I I
In this section we present Level 2 time series for the entire experiment.
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